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with  a  simple  model  for  anti-Stokes  fluorescence  cooling  that  includes  considerations  of  quantum  efficiency  and 
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1.  INTRODUCTION 

Since  its  first  demonstration  in  1995, 1,2  laser  cooling  of 
matter  in  the  condensed  phase  has  made  significant  ex¬ 
perimental  progress.  The  idea  of  using  radiation  to  cool 
such  matter  was  first  proposed  in  1929  by  Pringsheim.3 
Although  the  notion  of  using  blueshifted  fluorescence  to 
decrease  the  temperature  of  an  object  was  dismissed  by 
some  as  contrary  to  the  second  law  of  thermodynamics, 
Landau  established  its  fundamental  validity  in  1946. 4 
Kastler  suggested  that  rare-earth-doped  crystals  might 
provide  a  medium  for  solid-state  cooling  resulting  from 
anti-Stokes  emission.5  Large  obstacles  stood  in  the  way, 
primarily  the  highly  efficient  heat-generating  processes 
normally  associated  with  absorption  in  optical  materials. 

The  first  solid  to  cool  as  a  result  of  interaction  with 
light  was  a  ytterbium-doped  fluorozirconate  glass.1  A  lo¬ 
cal  decrease  in  temperature  was  detected  by  a  photother- 
mal  deflection  technique  when  the  sample  was  pumped  by 
a  Tirsapphire  laser  beam.  Bulk  cooling  was  also  detected 
directly  from  measurements  with  a  calibrated  thermally 
sensitive  camera.  Thulium-doped  glass  is  the  second  and 
only  other  class  of  solid  to  achieve  bulk  cooling.  It  was 
first  cooled  to  1.2  K  below  room  temperature  in  2000;6 
here  we  report  bulk  cooling  in  a  thulium-doped  fluorozir¬ 
conate  (ZBLANP)  to  19  K  below  room  temperature. 

Anti-Stokes  fluorescence  cooling  in  solids  may  lead  to 
the  development  of  an  all-solid-state  cryogenic  refrigera¬ 
tor  that  can  be  used  for  a  variety  of  applications.  Since 
1995,  ytterbium-doped  glasses  have  been  cooled  by  nearly 
70  K  below  room  temperature  and  have  reportedly  cooled 
at  temperatures  as  low  as  77  K.7  Edwards  et  al.  demon¬ 
strated  a  prototypical  cryogenic  refrigerator  based  on 
Yb3+:ZBLANP  pumped  with  a  1.6-W  Tiisapphire  laser 
and  measured  a  temperature  decrease  of  48  K  from  room 
temperature  by  using  a  thermocouple.8  Cooling  from  low 
starting  temperatures  in  various  Yb3+-doped  glasses  has 
been  observed,  suggesting  that  a  cryogenic  refrigerator 


with  an  extended  dynamic  range  can  be  built.  Mungan 
et  al.  observed  local  cooling  in  a  Yb3+:  ZBLANP  sample  at 
temperatures  between  100  and  300  K,  maintaining  a  cool¬ 
ing  efficiency  of  ~1%  throughout  this  range.9  Local  cool¬ 
ing  between  77  K  and  room  temperature  by  photothermal 
deflection  and  spectroscopic  techniques  in  a  fluorochloride 
glass  (Yb3+:CNBZn)  and  in  a  fluoride  glass  (Yb3  +  :BIG) 
were  reported  by  Fernandez  et  al.1  The  cooling  efficiency 
was  shown  to  change  with  temperature,  varying  between 
~2%  and  ~0.6%  in  the  two  materials.  Rayner  et  al. 
cooled  a  Yb3+-doped  fiber.10  Gosnell  cooled  a  Yb3+-doped 
fiber  by  an  amount  AT  =  —  65  K  from  room 
temperature.11  The  temperature  of  the  fiber  was  moni¬ 
tored  through  its  temperature-dependent  emission  spec¬ 
tra.  Epstein  et  al.  cooled  a  dielectric-mirrored 
Yb3+:  ZBLANP  sample  by  70  K  from  room  temperature  as 
measured  directly  with  a  thermocouple. 

In  addition  to  glasses,  ytterbium-doped  crystalline 
samples  have  been  cooled.  Crystals  offer  advantages 
over  glass  materials  such  as  high  thermal  conductivity, 
improved  ruggedness,  and  potentially  larger  absorption 
cross  sections.  Bowman  and  Mungan  used  photothermal 
deflection  to  demonstrate  local  cooling  in  a  Yb3+-doped 
KGd(W04)2  crystal.12  Epstein  et  al.  observed  bulk  cool¬ 
ing  in  Yb3  +  :YAG,  recording  a  net  sample  temperature 
change  of  ~8.9  K  below  room  temperature.13  They  also 
cooled  a  sample  of  Yb3+:Y2S05  by  1  K  below  room  tem¬ 
perature.  Mendioroz  et  al.  recently  showed  local  cooling 
in  samples  of  Yh3+:KPb2Cl5  crystal.14 

Optical  cooling  has  been  pursued  in  other  condensed- 
matter  materials  such  as  dyes  and  semiconductors.15-17 
Clark  et  al.2,18  excited  Rhodamine  101  dye  with  radiation 
at  1.96  eV  and  found  that  it  cooled  at  a  rate  of  0.7  Kh_1. 
A  GaAs/GalnP  heterostructure  was  studied  for  possible 
cooling  by  Gauck  et  al.19  They  observed  blueshifted  lu¬ 
minescence  but  did  not  see  net  cooling  because  coupling 
inefficiency  caused  luminescence  reabsorption. 
Finkeiflen  et  al.  detected  local  cooling  in  the  area  of  the- 
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Table  1.  Data  Analysis'2 


Sample 

Dimensions  (mm) 

Doping  (wt.%) 

V, 

ab  (cm  *) 

K&t  (cm  K/W) 

^calc 

Tm  A 

4X4X8 

1 

0.99 

0.0002 

591 

825 

Tm  B 

3  X  3  x  10 

2 

0.975 

0.0004 

1002 

1224 

aTm3  +  :ZBLANP  (ZrF4-BaF2-LaF3-AlF3-NaF-PbF2)  sample  parameters  for  the  3H6  — >  3F4  cooling  transition.  Quantum  efficiency  (rjq),  background 
absorption  (ab),  and  Ki4  are  determined  when  approximation  (9)  is  fit  to  temperature  data.  Kca4c  is  determined  from  Eq.  (13). 


pump  beam  spot  that  was  due  to  anti-Stokes  photolumi¬ 
nescence  in  a  GaAs  quantum-well  structure,  recording  a 
temperature  drop  of  7  K  from  liquid-nitrogen 
temperature.20  As  in  both  of  these  cases,  luminescence 
trapping  that  is  due  to  total  internal  reflection  remains  a 
major  obstacle  to  observing  net  cooling  in  high-index 
semiconductor  structures. 

Here  we  report  progress  in  laser-induced  cooling  of 
thulium-doped  glass.  Table  1  lists  parameters  for  two 
cooled  samples,  including  values  for  quantum  efficiency 
on  the  cooling  transition  as  discussed  in  Section  4.  A 
Tm3+-doped  ZBLANP  sample  is  irradiated  with  light 
from  an  optical  parametric  oscillator  (OPO)  at  a  wave¬ 
length  of  1.9  /in i  causing  its  temperature  to  decrease  by 
19  K  from  room  temperature.  Anti-Stokes  fluorescence 
processes  in  the  sample  lead  to  cooling,  in  part  because 
the  dopant-host  material  combination  has  high  quantum 
efficiency  and  the  host  has  low  parasitic  absorption. 
Thulium-doped  glass  cooling  systems  are  shown  to  be 
nearly  twice  as  efficient  (defined  as  the  ratio  of  cooling 
power  to  absorbed  power)  as  those  based  on  ytterbium,  as 
is  expected  from  pump  energy  scaling  considerations. 
Further,  our  results  demonstrate  anti-Stokes  fluorescence 
cooling  in  the  presence  of  excited-state  absorption,  unlike 
in  Yb3+-doped  systems. 

This  paper  is  organized  as  follows.  In  Section  2  we 
outline  a  simple  derivation  of  the  cooling  power  possible 
with  anti-Stokes  fluorescence.  This  includes  consider¬ 
ations  for  nonunity  external  quantum  efficiency,  parasitic 
heating  mechanisms,  and  an  approximate  expression  for 
temperature  change  in  terms  of  pump  power  and  wave¬ 
length.  Experiments  that  demonstrate  cooling  and  the 
related  efficiency  scaling  are  presented  in  Sections  3  and 
4.  In  Section  5  we  discuss  multiple-pass  optical  refrig¬ 
eration  schemes. 

2.  SIMPLE  MODEL  OF  ANTI-STOKES 
FLUORESCENCE  COOLING  IN  SOUPS 

The  principle  of  anti-Stokes  fluorescence  cooling  is  seen  in 
a  description  of  our  particular  system.  The  samples  con¬ 
sist  of  high-purity  ZBLANP  (in  mole  percent:  53%  ZrF4 , 
18%  BaF2 ,  4-x%  LaF3,  3%  A1F3 ,  20%  NaF,  2%  PbF2, 
where  x  is  the  particular  substitution  doping  value  of 
TmF3)  cut  from  a  fiber  preform.  The  relevant  energy 
manifolds  for  Tm3+  ions  in  this  host  are  shown  in  Fig. 
I.21,22  Each  level  corresponds  to  a  Stark-split  manifold  of 
several  inhomogeneously  broadened  levels.  We  use  the 
transitions  between  the  3H6  and  the  ;F4  manifolds  for 
cooling.  The  cycle  leading  to  anti-Stokes  fluorescence 
cooling  involves  pump  excitation,  thermalization,  and 
spontaneous  decay.  As  shown  in  Fig.  1,  laser  pump  pho¬ 
tons  excite  the  dopant  ensemble  from  the  top  of  the 


3H4  1  12900  crtr1 


3H5  |  |  8300  cm'1 


Fig.  1.  Energy  manifold  diagram  of  Tm3+:ZBLANP,  after  Refs. 
21  and  22.  The  dopant  ensemble  is  excited  by  the  pump  from 
the  top  of  the  ground-state  manifold  ( 3H6 )  to  the  bottom  of  the 
excited-state  manifold  ( 3F4 ).  The  atoms  thermalize  in  both 
manifolds  by  absorbing  vibrational  energy  from  the  host,  and  the 
subsequent  fluorescence,  on  average,  removes  an  energy  h  ly 
-  h  v  for  each  absorbed  photon. 

ground-state  manifold  to  the  bottom  of  the  excited-state 
manifold.  The  excitations  thermalize  within  the  upper 
and  lower  manifolds  by  absorbing  vibrational  energy  from 
the  host.  The  atoms  decay  through  spontaneous  emis¬ 
sion  (fluorescence)  with  a  mean  photon  energy  of  hvt, 
where  jy  is  the  mean  fluorescent  frequency.  In  the  ideal 
case,  for  each  absorbed  pump  photon  of  energy  h  v,  an  av¬ 
erage  energy  hvf  —  h v  is  removed  from  the  glass  and  car¬ 
ried  out  of  the  system.  Cooling  power  is  thus  propor¬ 
tional  to  absorbed  power  (Pabs)  and  the  difference 
between  mean  fluorescent  and  pump  photon  energies: 

hvf  —  hv  \  —  \f 

Pcool  Pabs  ,  Pabs  T  >  (I) 

nv  Ay 

where  \  and  =  c/vf  are  the  pump  and  mean  fluorescent 
wavelengths,  respectively.  Figure  2  shows  the  room- 
temperature  emission  spectrum  of  a  1-wt.  % 

Tm3+:  ZBLANP  sample.  The  spectrum  is  recorded  with 
an  Oriel  MS257  monochromater  and  PbS  detector  and  is 
corrected  for  the  system  response.  Also  shown  is  the  ab¬ 
sorptivity  of  the  sample  as  taken  with  a  Fourier- 
transform  infrared  spectrophotometer  (Thermo  Nicolet). 
Defining  cooling  efficiency  as  r/cool  =  P^JP^,  Eq.  (1) 
yields  the  fundamental  limit  on  cooling  performance.  It 
suggests  that,  for  a  given  material,  longer  pump  wave¬ 
lengths  produce  higher  efficiencies.  In  practice,  however, 
diminished  pump  absorption  at  long  wavelengths  that  is 
due  to  the  thermal  distribution  of  the  ground-state  popu¬ 
lation  limits  the  useful  maximum  pump  wavelength. 
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Moreover,  parasitic  absorption  due  to  uncontrolled  impu¬ 
rities  in  the  material  further  limits  the  effective  range  of 
long-wavelength  excitations.  The  practical  range  of  the 
energy  difference  hvf  —  h  v  is  of  the  order  of  thermal  en¬ 
ergy  (ksT)  as  a  consequence  of  the  ground-state  Boltz¬ 
mann  distribution.  Therefore  Eq.  (1)  indicates  that 
Tm3+-doped  materials  with  h  ty  —  0.7  eV  have  the  poten¬ 
tial  to  cool  nearly  twice  as  efficiently  as  Yb3+-doped  ma¬ 
terials  with  hvf  =  1.25  eV. 

Although  dopant  ions  with  lower-energy  gaps  can  pro¬ 
duce  more  efficient  cooling,  they  will  generally  be  subject 
to  higher  nonradiative  decay  rates  that  are  strongly  host 
dependent.  Nonradiative  decay  in  various  hosts  by  mul¬ 
tiphonon  emission  has  been  shown  to  exhibit  a  simple  ap¬ 
proximate  behavior.23-25  Specifically,  the  energy-gap  law 
states  that  the  multiphonon  emission  rate  is  inversely 
proportional  to  the  exponential  of  energy  difference  (A E) 
between  the  initial  energy  state  and  the  energy  state  be¬ 
low: 


Energy  gap  [cm'1] 

Fig.  3.  Nonradiative  decay  rates  versus  energy  gap  for  various 
host  materials,  after  Ref.  21.  The  vertical  dashed  line  marks 
the  energy  gap  for  the  3H6  —>  3F4  transition. 


Wnr  =  W„  exp(-aAE).  (2) 

Here  W0  is  a  phenomenological  parameter  that  depends 
strongly  on  the  host  material.  The  parameter  a  in  Eq.  (2) 
is  inversely  proportional  to  the  characteristic  phonon  en¬ 
ergy  in  a  given  material  and  is  thus  strongly  host  depen¬ 
dent.  The  symbol  A E  in  Eq.  (2)  represents  the  energy 
gap  of  the  particular  electronic-state  transition.  Figure  3 
is  a  logarithmic  plot  of  the  nonradiative  decay  rate  as  a 
function  of  energy  gap  for  a  number  of  different  hosts.21,25 
In  Fig.  3,  Eq.  (2)  was  fitted  to  the  data  obtained  from  ex¬ 
periments  involving  various  dopant  ions  in  a  given  host 
material.  For  ZBLAN,  the  values  of  W0  and  a  are  found 
to  be  1.99  X  105  s-1  and  0.0021  cm,  respectively.21  The 
3F4  —>  3H6  energy  gap  in  ZBLAN  (—6000  cm-1  at  the 
peak  of  absorption)  therefore  corresponds  to  Wnl 
=  0.64  s  ,  which  is  significantly  less  than  the  radiative 
rate  of  —83  s  1 .  The  resultant  heating  that  is  due  to 
nonradiative  processes  in  pure  Tm3+:ZBLANP  should  be 
small  relative  to  the  cooling  processes. 


nj 

>. 


E 

LLI 


Wavelength  [pm] 

Fig.  2.  Absorptivity  and  fluorescence  spectra  of  1-wt.  % 
Tm  .ZBLANP  at  room  temperature.  The  dotted  curve  is  ab¬ 
sorptivity  data  obtained  with  a  Fourier-transform  infrared 
photospectrometer,  and  the  solid  curve  is  fluorescence  data  ob¬ 
tained  with  a  monochromater  and  PbS  detector.  The  vertical 
solid  line  marks  the  mean  fluorescent  wavelength  at  1.803  /rm, 
and  the  shaded  area  indicates  the  pump  wavelength  region 
where  cooling  is  expected. 


Excitations  to  the  3H4  manifold  in  Tm3+:ZBLANP 
have  the  potential  to  produce  fluorescence  cooling.  The 
path  3H4  — >  3H5  is  primarily  radiative  (see  Fig.  3), 
whereas  the  3H5  — ►  3F 4  transition  is  strongly  nonradia¬ 
tive.  This  nonradiative  decay  can  cause  heating  that 
would  overwhelm  the  optical  cooling  effect.  Fortunately, 
the  branching  ratio  for  the  SF 4  —•  3H5  transition  is 
0.03, 25  which  indicates  that  the  population  of  the  nonra¬ 
diative  branch  should  be  small.  Because  the  3H4  mani¬ 
fold  lies  6900  cm-1  above  the  3F4  level,  it  can  be  popu¬ 
lated  by  excited-state  absorption  during  illumination  by 
the  OPO  at  1.85  /im  <  A.  <  1.97  yrm.  We  verified  this  by 
observing  fluorescence  at  —1  pm  using  a  silicon-based 
video  camera.  This  excited-state  absorption  process  is 
endothermic  and  should  contribute  extra  cooling  if  fluo¬ 
rescence  efficiency  and  background  absorption  are  in  the 
acceptable  range.  At  typical  pump  wavelengths  the  ab¬ 
sorption  cross  section  for  the  3H6  — >  3F4  transition  is 
—2  X  10  22  cm2.25  With  a  radiative  lifetime  of  12  ms  at 
a  pump  wavelength  of  1.9  pm,  the  saturation  irradiance 
is  —84  kW/cm2.  Our  average  irradiance  is  less  than  10% 
of  this  value,  so  we  expect  the  population  of  the  3F4  mani¬ 
fold  to  be  much  larger  than  that  of  the  3H4  manifold. 
Any  heating  or  cooling  effects  from  the  excited-state  ab¬ 
sorption  process  should  therefore  be  small  relative  to  the 
cooling  effects  on  the  3H6  — >  3F 4  transition.  We  exam¬ 
ined  transitions  to  the  3H4  manifold  by  directly  pumping 
the  3H6  — ^  3H4  transition  using  a  Ti:sapphire  laser  at 
790-900  nm.  The  sample  showed  slight  heating.  This 
may  indicate  the  presence  of  strong  fluorescence  quench¬ 
ing  in  addition  to  the  processes  described  above  that  led 
to  heating. 

The  amount  of  cooling  power  possible  in  a  realistic  sys¬ 
tem  can  be  obtained  from  a  simplified  rate-equation 
model  for  the  3H6  and  3F4  manifolds: 

cW  7>ab/ 

—  =  —  -  WradW  -  WnrN  +  (1  -  ye)WradN,  (3) 

df  nv 

where  N  is  the  number  density  of  excited  dopant  atoms  in 
the  "F4  manifold,  'Pah/  is  the  resonantly  absorbed  power 
density,  h  v  is  the  pump  photon  energy;  and  Wrad  nr  are  the 
radiative  and  nonradiative  decay  rates,  respectively.  The 
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last  term  describes  excitations  by  fluorescence  absorbed 
in  transit  through  the  sample.  The  emitted  fluorescence 
power  coupled  out  of  the  glass  as  a  fraction  of  the  total 
generated  fluorescence  power  is  rje  3{1  —  [1 

-  (l/re)2]1/2}exp[— ar(X)l ]  for  n  >  \/2,  where  n  is  the  in¬ 
dex  of  refraction.  The  exponential  factor  accounts  for 
fluorescence  reabsorption  along  a  characteristic  sample 
dimension  /  prior  to  escape.  We  obtained  this  expression 
by  integrating  over  the  cone  of  fluorescence  that  satisfies 
the  angular  criterion  for  escape.  It  assumes  that  all 
other  totally  internally  reflected  fluorescence  is  reab¬ 
sorbed.  If  a(X)l  <  1,  the  extraction  efficiency  is  y(, 

76%  for  n  =  1.5.  Estimating  an  average  absorption 
of  ~0.1  cm-1  for  the  fluorescence  spectrum  from  Fig.  2, 
this  value  is  further  reduced  to  ~74%. 

The  net  laser  power  density  transferred  to  the  sample 
can  be  expressed  as 

P net  =  'P&bl  +  Tabs6  ~~  VeN ssh  VfWTad  .  (4) 

Here  Nss  represents  the  steady-state  number  density  of 
excited  dopant  atoms  in  the  3F4  manifold  and  hvf  is  the 
mean  fluorescent  photon  energy.  "Pa bsb  is  a  nearly 
wavelength-independent  background  laser  absorption 
that  contributes  only  to  heating.  This  term  corresponds 
to  the  background  absorption  coefficient  ab  .  The  total 
absorption  ( ntotai)  >  which  includes  ab  ,  the  resonant  ab¬ 
sorption  coefficient  ar O),  and  any  other  generalized  ab¬ 
sorption  coefficient  (e.g.,  effective  absorption  due  to  scat¬ 
tering  losses),  attenuates  the  input  laser  power  such  that 
absorbed  power  is  expressed  as  Pahs'  =  Pin(«i/utotai)[l 

-  exp(— utotalL)].  Here  Pm  is  the  input  laser  power,  L  is 
the  physical  path  length  of  the  beam  in  the  sample,  and 
the  index  i  refers  to  the  particular  absorption  channel: 
resonant  (r)  or  background  (6). 

Combining  Eqs.  (3)  and  (4)  yields  the  net  power  trans¬ 
ferred  to  the  sample  from  the  laser  radiation: 


In  the  spectral  region  X  ~  Xf,  the  ratio  ab/ar (X)  <S  1,  so 
according  to  Eq.  (7)  cooling  efficiency  should  be  approxi¬ 
mately  linear  with  respect  to  pump  wavelengths  in  this 
region.  Further,  the  slope  and  zero  crossing  of  a  plot  of 
77c00i( X )  are  given  by  'rf'q/Xf  and  its  inverse,  respectively.  A 
measure  of  quantum  efficiency  can  be  made  from  the 
pump  wavelength  at  which  J7C00i(X)  =  0  in  this  linear  re¬ 
gion.  At  this  point  X  ~  Xf/T/^.  Resonant  absorption 
typically  approaches  zero  for  X  >  \f,  making  ab/ar(X) 
>  1  for  finite  ab  .  In  this  case  Eq.  (7)  becomes  large  in 
magnitude  and  negative  in  sign,  indicating  significant 
heating.  The  ideal  efficiency  in  Eq.  (1)  is  recovered  in  the 
limit  ab  =  0  and  ^  =  1. 

Equation  (7)  gives  a  lower  limit  on  the  external  quan¬ 
tum  efficiency  allowed  in  the  cooling  process  for  a  given 
pump  wavelength.  Assuming  no  background  absorption, 
we  see  that  to  exhibit  cooling  the  material  must  meet  the 
condition 

'rj'q  >  1  -  ( kBT/hvf )  (8) 

if  the  pump  is  tuned  such  that  hvf  —  hv  =  kBT .  At 
room  temperature,  inequality  (8)  indicates  that  cooling  is 
achieved  for  'yl  >  96.3%.  This  also  means  that  the  ma¬ 
terial  must  have  a  nonradiative  decay  rate  less  than  2.4 
s  1  given  the  measured  value  of  Wrad  =  83  s  1 .  Accord¬ 
ing  to  Fig.  3,  the  3Fi  —>  3H6  cooling  transition  in  a  fluo- 
rozirconate  host  such  as  ZBLAN  or  ZBLANP  safely  meet 
this  criterion,  whereas  hosts  such  as  borate  do  not. 

Two  approximations  are  helpful  in  data  analysis,  both 
based  on  measured  temperature  change.  One  follows 
from  Eq.  (5)  and  the  other  from  a  consideration  of  ther¬ 
modynamic  factors.  In  the  low  pump-depletion  limit, 
such  as  occurs  in  a  single  pass  through  the  sample  where 
[ar(v)  +  ab]L  «=  0.01,  we  can  express  the  normalized 
change  in  temperature  of  the  sample  for  small  tempera¬ 
ture  changes  as 


P net  (P{n\  1  ®Xp[  oyoLa|(  v)L  ||) 


X 


_ hvf  —  hv 

ab  +  (1  ”  Vq)aA  v)  -  cnr(v)y  - - - 

hv 

“totally) 


(5) 

A  negative  net  power  transferred  to  the  sample  in  Eq.  (5) 
corresponds  to  cooling.  Here  ^  is  the  external  quantum 
efficiency  that  accounts  for  the  effect  of  imperfect  fluores¬ 
cence  outcoupling: 


W  Wrad 

Ve  Wrad  “t  Wnr 


(6) 


Because  Wnl.  ~  0.6  s  1  and  W,.ad  =  83  s-1,  we  expect  an 
external  quantum  efficiency  of  ~99%.  Equation  (5)  indi¬ 
cates  that  the  cooling  power  is  the  product  of  two  factors. 
The  term  in  the  bold  parentheses  is  the  total  absorbed 
power,  and  the  second  term  is  the  cooling  efficiency.  Ex¬ 
pressed  such  that  a  positive  sign  corresponds  to  cooling, 
the  second  term  of  Eq.  (5)  can  be  written  as 


7 cool  Vq 


X, 


1  + 


ab 


ar(X) 


-  1. 


(7) 


AT 


ab  +  oy(X)(l  -  Tjq)  -  ar(X)r)q- 


X  -  X, 


,  (9) 


where  k  is  a  constant  that  depends  on  experimental  fac¬ 
tors  such  as  radiative  load  from  the  surrounding  chamber 
walls  and  heat  conduction  to  the  sample  through  the 
physical  supports  (e.g.,  glass  fibers)  and  convection  from 
residual  gas  in  the  vacuum  chamber. 

In  steady  state,  the  cooling  power  expressed  in  Eq.  (5) 
is  equal  to  the  external  heat  load.  Assuming  negligible 
conductive  and  convective  loads,  the  environmental  cou¬ 
pling  to  the  sample  is  radiative.  The  steady-state  cooling 
power  can  then  be  expressed  as18,26,27 


1 

^cooi  =  7—  (Tc4  -  Ts4)esaAs ,  (10) 

where  Ts  c  correspond  to  the  temperature  of  the  sample 
and  the  surrounding  chamber,  respectively,  es  is  the  emis- 
sivity  of  the  sample,  <j  is  the  Stefan-Boltzmann  constant, 
As  is  the  sample  surface  area,  and  x  =  (esAs/ecAc)(  1 
—  ec)  is  a  ratio  involving  surface  areas  and  emissivities 
of  the  sample  and  chamber.  Equation  (10)  indicates  that 
well-designed  experimental  conditions  can  facilitate  low 
sample  temperatures  for  a  given  laser  cooling  power.  For 
example,  the  sample  can  be  placed  in  a  small  chamber 
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with  a  surface  area  approximately  equal  to  its  own  (As 
=  Ac),  and  a  low-emissivity  coating  can  be  designed  for 
the  chamber  walls  such  that  ec/es  <  1.  For  fluorescence 
around  \f  =  995  nm  in  ytterbium-based  cooling  systems, 
such  coatings  have  been  shown  to  reduce  radiative  load 
by  greater  than  a  factor  of  10  relative  to  a  blackbody.28 
Because  they  do  not  absorb  at  longer  wavelengths  (i.e.,  2 
lj.ro),  these  coatings  are  not  adequate  for  thulium-based 
refrigerators.  Instead  we  are  developing  coatings  for 
gold  chamber  walls  based  on  long-wavelength  absorbers 
PbS  or  InAs.  Without  special  attention  to  these  issues, 
nonideal  experimental  conditions  result:  es  c  «  1  and 
As/Ac  <§  1.  In  this  case,  for  small  temperature  changes 
(i.e.,  Ts/Tc  <=*  1)  Eq.  (10)  can  be  written  as 

Pc00l  -  AcrAsTc3 \T ,  (11) 


Fig.  4.  Diagram  of  the  calibrated  Mach-Zehnder  heterodyne  in¬ 
terferometer  used  for  noncontact  temperature  measurement. 
The  phase  of  the  40-MHz  beat  signal  at  the  detector  changes  as 
the  sample  temperature  changes.  The  interferometer  is  placed 
in  an  enclosure  to  reduce  fluctuations  from  air  movement. 
AOM,  acousto-optic  modulator. 


where  AT  is  the  temperature  difference  between  the 
sample  and  its  surrounding  chamber  walls.  Approxima¬ 
tions  (9)  and  (11)  characterize  the  single-pump-pass  cool¬ 
ing  experiments  described  in  Section  3. 


3.  EXPERIMENT 

A  number  of  Tm3+-doped  glasses  and  crystals  (CaF2, 
BaF2 ,  YAIO,  LuAG,  ZBLANP)  are  studied,  and  certain 
Tm3  +  :ZBLANP  samples  exhibit  a  net  cooling  effect.  The 
cause  of  heating  in  some  samples  is  likely  due  to  both 
higher  effective  phonon  energies  and  impurities.  Fluo¬ 
rescence  quenching  and  parasitic  absorption  that  are  due 
to  unwanted  transition  metals  (e.g.,  Fe2+  or  Cu2+)  and 
other  rare  earths  can  lead  to  net  heat  generation  in  the 
sample. 

The  tunable  pump  source  for  our  experiments  is  an 
OPO  based  on  periodically  poled  lithium  niobate,  synchro¬ 
nously  pumped  by  a  25-W  cw  mode-locked  NdrYAG  laser 
(Coherent  Antares).  The  OPO  is  operated  singly  reso¬ 
nant  and  has  a  maximum  average  signal  output  power  of 
8  W,  signal  tunability  between  1.75  and  2.05  /zm,  and  a 
signal  output  slope  efficiency  of  46%.29  See  Table  1  for  a 
description  of  cooled  samples.  In  a  cooling  experiment 
the  pump  beam  is  focused  into  the  sample,  which  rests  on 
glass  supports  (microscope  coverslips  or  fibers)  that  are  in 
contact  with  a  relatively  small  surface  area  and  are  trans¬ 
parent  to  the  fluorescence.  The  sample  is  placed  in  a 
vacuum  chamber  held  at  —10  5  Torr.  For  experiments 
with  a  thermal  camera  for  temperature  measurement,  an 
identical  reference  sample  is  placed  in  the  chamber  on 
separate  supports  out  of  the  beam  path. 

The  sample  is  cooled  in  both  single-  and  multiple-pass 
configurations  for  the  pump  beam.  The  former  allows  us 
to  make  high-resolution  and  precise  measurements  of 
sample  temperature  change  with  various  pump  wave¬ 
lengths,  whereas  the  latter  increases  the  absorbed  power. 
[The  effect  of  increased  absorbed  power  can  be  seen  in  the 
factor  of  cooling  power  in  bold  parentheses  in  Eq.  (5).] 
For  small  temperature  changes  as  occur  in  the  single¬ 
pass  case,  we  record  the  net  temperature  change  of  the 
sample  relative  to  the  reference  sample  by  using  a  pyro¬ 
electric  (ISI  Group)  or  microbolometer-based  (Raytheon) 
thermal  camera.  The  samples  are  observed  through  a 
thermally  transparent  window  (e.g.,  CaF2  or  NaCl)  in  the 
chamber  after  the  sample  reaches  a  steady  state  with  its 


surroundings  inside  the  vacuum  chamber.  We  calibrate 
the  thermal  cameras  by  controlling  the  temperature  of  a 
similar  glass  sample.  For  a  particular  aperture  of  the 
camera,  the  digitized  image  yields  an  8-bit  value  that  cor¬ 
responds  to  the  temperature  of  the  sample  as  read  by  a 
reference  thermocouple. 

In  the  multiple-pass  configuration,  the  sample  is  placed 
on  glass  supports  between  two  dielectric  mirrors  of  high 
reflectance  (—99.9%)  for  the  pump  beam.  The  beam 
passes  through  a  small  hole  of  diameter  —0.4  mm  in  the 
dielectric  coating  of  a  planar  mirror.  After  the  first  pass 
through  the  sample,  the  pump  beam  is  reflected  from  a 
second  dielectric  mirror  (with  a  1-m  radius  of  curvature) 
back  into  the  sample.  The  mirrors  are  optimized  such 
that  the  beam  slightly  misses  the  hole  in  the  first  mirror 
resulting  in  multiple  passes. 

The  thermal  cameras  have  a  resolution  of  0.2  K  in  the 
range  AT  ^  ±10  K  from  room  temperature.  To  measure 
larger  temperature  changes  in  multiple-pass  schemes  we 
instead  use  a  calibrated  Mach-Zehnder  interferometer. 
This  technique  is  possible  because  the  optical  path  length 
of  the  sample  changes  with  temperature  linearly  over  a 
wide  range.30,31  A  diagram  of  the  interferometer  is 
shown  in  Fig.  4.  The  difference  in  optical  path  length  be¬ 
tween  the  two  arms  is  defined  as  C  =  nL  —  L  with 
sample  length  L  and  refractive  index  n.  The  path 
lengths  through  the  sample  and  vacuum  are  nL  and  L,  re¬ 
spectively.  We  can  then  describe  the  change  in  path- 
length  difference  with  respect  to  sample  temperature  as 

d£ 


Here  and  below  the  subscript  for  sample  temperature  Ts 
is  omitted.  The  quantity  in  brackets  describes  the  mate¬ 
rial’s  refractive-index  change  (dre/dT)  and  the  coefficient 
of  thermal  expansion  /?  =  1/L  dL/dT.  Previously  re¬ 
ported  values  for  the  bracketed  quantity  for  ZBLAN  are 
-5.9  X  1(T6  KT1  (Ref.  30)  and  -5.8  X  10~6  KT1  ±  0.4 
(Ref.  31).  By  placing  the  sample  in  an  optical  cryostat 
(Janis  Research)  located  in  the  interferometer,  we  mea¬ 
sure  the  quantity  in  the  brackets  in  Eq.  (12)  to  be  -6.6 
X  10  6  K  1  ±  0.8  for  Tm3+:ZBLANP.  This  calibration 
is  tested  against  that  of  the  thermal  camera  (calibrated 
against  a  thermocouple  as  described  above)  and  found  to 
agree  to  better  than  1  K  in  the  region  that  the  camera  is 


d /i 

—  +  f3(n  -  1) 
dT  H 


(12) 
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not  saturated.  This  is  well  within  the  resolution  of  the 
interferometer  (±3  K),  which  is  limited  by  background 
phase  drifts  that  occur  over  time  scales  of  ~1  h. 

Heterodyne  phase  detection  schemes  can  make  sensi¬ 
tive  measurements  of  small  or  rapidly  fluctuating  phase 
change.32-34  As  shown  in  Fig.  4,  one  arm  of  the  Mach- 
Zehnder  interferometer  is  shifted  by  40  MHz  by  use  of  an 
acousto-optic  modulator.  When  the  two  beams  interfere 
on  the  detector,  we  monitor  the  phase  of  the  beat  signal 
with  respect  to  the  stable  40-MHz  acoust-optic  modulator 
reference  signal.  Signal  processing  allows  phase  infor¬ 
mation  to  be  retrieved  with  high  accuracy.  For  example, 
one  can  use  a  high-frequency  lock-in  amplifier  that  di¬ 
rectly  displays  relative  phase. 


4.  RESULTS  AND  ANALYSIS 

Tables  1  and  2  list  the  salient  results  of  cooling  for  the 
three  samples  discussed  below.  The  l-wt.%  sample  (Tm 
A)  cools  in  both  single-  and  multiple-pump-pass  schemes, 
and  the  former  results  are  compared  with  cooling  in 
l-wt.%  Yb:i  :ZBLANP. 1  The  2-wt.%  sample  (Tm  B)  cools 
in  a  single-pass  geometry.  Table  1  lists  quantum  effi¬ 
ciency  ( 'rf'q )  and  background  absorption  (ab)  as  deter¬ 
mined  when  we  fit  approximation  (9)  to  temperature  data 
normalized  to  the  incident  pump  power.  Also  included  in 
Table  1  are  two  values  for  k  [see  approximation  (9)]  deter¬ 
mined  as  follows:  (i)  K&t  is  obtained  directly  from  the 
data  when  we  fit  approximation  (9)  and  (ii)  /ccalc  is  found 
from  Eq.  (13)  discussed  below. 

Figure  5  shows  the  induced  temperature  change  in 
sample  Tm  B  versus  the  pump  wavelength  for  a  single 
pass  of  the  pump  beam.  Temperature  change  is  normal¬ 
ized  to  incident  pump  power.  The  insets  are  false-color 
thermal  images  representing  sample  cooling  (bright)  and 
heating  (dark).  At  a  pump  wavelength  of  1.9  /zm  and  an 
incident  average  power  of  —2.72  W,  the  sample  cools  to  2 
K  below  room  temperature  for  a  single  pass  of  the  pump 
beam.  This  corresponds  to  an  absorbed  power  of  —120 
mW.  The  heating  at  wavelengths  longer  than  —1.97  /xm 
can  be  attributed  to  parasitic  background  absorption  (ab) 
from  uncontrolled  impurities  in  the  glass  such  as  transi¬ 
tion  metals.  Because  absorption  in  this  sample  is  twice 
that  of  Tm  A,  approximation  (9)  must  be  adjusted.  In¬ 
stead  of  keeping  only  first-order  terms,  we  use  the  first 
four  terms  in  the  expansion  of  the  exponential  for  ab¬ 
sorbed  power  (i.e.,  the  quantity  in  bold  parentheses)  in 
Eq.  (5).  This  form  of  approximation  (9)  is  indicated  by 
the  solid  curve  in  Fig.  5.  The  sample  is  found  to  have  an 
external  quantum  efficiency  'rjl  —  97.5%  and  a  back¬ 
ground  absorption  ab  4  X  10  4  cm-1.  The  propor- 


Table  2.  Rare-Earth  Comparison" 


Sample 

Doping  (wt.%) 

%ooi  at  fiAr  —  1.3  kBT 

Slope 

Tm  A 

1 

3 

2.5 

Yb 

1 

1.5 

1.75 

a  Comparison  of  cooling  efficiency  at  a  pump  wavelength  corresponding 
to  an  energy  of  ~  1.3  kBT  from  the  mean  fluorescent  wavelength  for 
ZBLANP  samples  doped  with  Tm3+  and  Yb3  +  ions.  Cooling  efficiency  is 
indicated  in  Fig.  7,  as  is  the  fitted  line. 
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Wavelength  [pm] 

Fig.  5.  Temperature  change,  normalized  to  incident  power,  ver¬ 
sus  pump  wavelength  for  a  2-wt.  %  Tm3+:ZBLANP  sample.  The 
solid  curve  is  a  theoretical  fit  from  approximation  (9)  with 
=  1.803  fim,  ab  =  0.0004  cm-1,  and  'rfJq  =  97.5%.  The  insets 
are  thermal  images  corresponding  to  different  pump  wave¬ 
lengths.  Bright  areas  indicate  cooling  and  dark  areas  indicate 
heating. 


Fig.  6.  Cooling  efficiency  versus  pump  wavelength  for  two 
Tm.  ZBLANP  samples.  The  solid  squares  correspond  to 
single-pass  data  for  a  1-wt.  %  sample,  and  open  squares  corre¬ 
spond  to  a  2-wt.  %  sample.  Error  bars  are  omitted  from  the 
open  squares  for  clarity.  The  solid  line  corresponds  to  ideal  cool¬ 
ing  efficiency  adjusted  for  nonunity  external  quantum  efficiency, 
and  the  dashed  curve  also  includes  background  absorption.  The 
vertical  line  corresponds  to  the  mean  fluorescent  wavelength. 

tionality  constant  k  in  approximation  (9)  can  be  used  to 
evaluate  the  fidelity  of  our  model.  Considering  only  ra¬ 
diative  load  to  the  sample  and  the  steady-state  condition 
Pnet  =  Pcooi  from  Eq.  (5)  and  approximation  (11),  we  ob¬ 
tain 

k  =  L/4esAsTc3.  (13) 

In  this  relation,  L,  es ,  and  As  are  the  sample’s  length, 
emissivity,  and  surface  area,  respectively.  The  tempera¬ 
ture  of  the  surrounding  chamber  is  Tc ,  and  <x  is 
theStefan-Boltzmann  constant.  The  fit  of  approxima¬ 
tion  (9)  to  the  data  in  Fig.  5  finds  «-flt  =  1002  cmK/W,  and 
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the  value  from  Eq.  (13)  is  /ccalc  =  1224  cmK/W,  which  is 
an  18%  difference.  For  the  l-wt.%  sample  (Tm  A),  single¬ 
pass  cooling  data  give  KSit  =  591  cmK/W,  which  is  28% 
below  the  calculated  value  /<-calc  =  825  cmK/W.  These 
values  are  listed  in  Table  1.  These  values  agree  within 
the  experimental  errors  in  Ktll ,  /<-calc ,  and  approximation 
(11). 

We  can  compare  the  observed  cooling  efficiencies  with 
the  theoretical  efficiency  of  Eq.  (7)  by  using  approxima¬ 
tion  (11)  with  temperature-change  data.  Figure  6  shows 
cooling  efficiency  (?7cool  =  ^cooi/^abs)  versus  pump  wave¬ 
length  for  samples  Tm  A  and  Tm  B.  These  data  are  de¬ 
termined  for  a  given  temperature  change  by  the  ratio  of 
approximation  (11)  to  absorbed  power,  assuming  unity 
emissivity  for  the  sample  and  chamber  and  neglecting 
heat  load  to  the  sample  through  conductive  or  convective 
channels.  The  filled  squares  correspond  to  the  single¬ 
pass  cooling  data  of  sample  Tm  A  reported  in  Ref.  6.  The 
solid  line  is  the  cooling  efficiency  given  by  Eq.  (7)  with 

—  1.803  /im,  ^  =  99%,  and  ab/ar{\)  <  1.  The 
dashed  curve  in  Fig.  6  is  obtained  when  we  include  the 
full  expression  in  Eq.  (7)  (i.e.,  the  addition  of  both  ^  and 
ab).  The  rapid  drop  in  efficiency  with  increasing  pump 
wavelength  is  explained  by  the  diminishing  resonant  ab¬ 
sorption  that  allows  background  absorption  ( ab )  to  domi¬ 
nate. 

The  open  squares  in  Fig.  6  indicate  cooling  efficiency 
for  sample  Tm  B  corresponding  to  the  data  in  Fig.  5.  Er¬ 
ror  bars  similar  to  those  of  sample  Tm  A  were  omitted  for 
clarity.  There  is  a  shifted  ordinate  intercept  and  zero 
crossing  and  a  slightly  shifted  slope  with  respect  to 
sample  Tm  A  (solid  squares).  These  shifts  offer  informa¬ 
tion  about  the  sample,  primarily  its  external  quantum  ef¬ 
ficiency.  We  find  7 Yq  —  98%  for  the  sample  Tm  B  by  fit¬ 
ting  Eq.  (7)  to  the  data.  This  estimate  is  confirmed  when 
we  fit  approximation  (9)  to  the  sample’s  single-pass  nor¬ 
malized  temperature  data  in  Fig.  5.  Using  relation  (9), 
we  find  'rf'q  97.5%  and  ab  4  X  10-4  cm-1.  These 
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Fig.  7.  Cooling  efficiency  as  a  function  of  the  pump  frequency. 
The  abscissa  is  the  difference  of  mean  fluorescent  and  pump  pho¬ 
ton  energies  as  a  fraction  of  room-temperature  thermal  energy 
( kBT ).  Solid  squares  correspond  to  single-pass  data  for  a 
1-wt.  %  Tm3  + :  ZBLANP  sample,  and  the  open  triangles  corre¬ 
spond  to  single-pass  bulk  cooling  data  obtained  by  Epstein  et  al. 
in  ytterbium-doped  ZBLANP.1  Slopes  are  2.5  and  1.75,  respec¬ 
tively.  Error  bars  are  omitted  for  clarity. 


values  indicate  that,  even  though  a  higher  doping  concen¬ 
tration  increases  absorbed  power,  this  may  not  necessar¬ 
ily  improve  cooling.  It  is  well  known  that  higher  rare- 
earth  concentrations  are  related  to  energy-transfer 
processes  that  reduce  lifetimes  and  quantum 
efficiency.25,35-40  Sample  Tm  B  has  an  ~10%  reduction 
in  extraction  efficiency  {rje)  with  respect  to  the  lower- 
doping  sample  because  of  increased  fluorescence  absorp¬ 
tion.  When  we  use  the  same  rates  as  above,  Eq.  (6) 
yields  ^  —  98.9%,  which  indicates  a  decrease  in  extrac¬ 
tion  efficiency  but  does  not  fully  account  for  the  observed 
value  of  ^  ««  97.5%.  Equation  (6)  suggests  that  the 
nonradiative  decay  rate  increases  by  a  factor  of  greater 
than  2,  assuming  the  radiative  decay  (Wrad)  remains  con¬ 
stant  at  83  s_1. 

Equation  (5)  and  approximation  (11)  can  be  used  to 
compare  cooling  efficiencies  in  different  solid  systems. 
Figure  7  shows  cooling  efficiency  as  a  function  of  the 
pump  frequency  represented  by  the  ratio  of  mean  fluores¬ 
cent  and  pump  photon  energy  difference  (hvf  —  hv)  to 
thermal  energy  (kBT).  We  compare  single-pass  cooling 
data  for  sample  Tm  A  (solid  squares)  and  ytterbium-doped 
ZBLANP  (open  triangles).1  The  slope  of  thulium  cooling 
efficiency  is  approximately  50%  greater  than  that  of  ytter¬ 
bium.  At  a  pump  wavelength  corresponding  to  maxi¬ 
mum  efficiency  in  both  samples  (pump  energy  —1.3  kBT 
from  the  mean  fluorescent  wavelength),  Fig.  7  implies 
that  thulium  cooling  is  almost  twice  as  efficient.  This 
suggests  that,  under  identical  conditions,  a  thulium- 
doped  sample  should  cool  nearly  twice  as  much  as  a 
ytterbium-doped  sample  for  a  given  absorbed  pump 
power.  Figure  7  directly  shows  the  scale  to  which  these 
cooling  systems  are  limited  by  the  absorption-related 
heating  effects  discussed  above.  The  average  difference 
between  mean  fluorescent  photon  energy  and  pump  pho¬ 
ton  energy  is  practically  limited  to  ~kBT  in  both  systems. 
Table  2  compares  cooling  efficiency  for  ZBLANP  samples 
doped  with  Tm3+  and  Yb3+  ions.  Cooling  efficiency  is  de¬ 
termined  from  Fig.  7,  as  is  the  slope  of  the  fitted  line. 


5.  OPTICAL  REFRIGERATOR 

Cooling  power  is  increased  by  maximizing  absorbed  pump 
power.  Because  higher  doping  concentration  is  ineffec¬ 
tive  for  our  system,  the  term  in  bold  parentheses  in  Eq. 
(5)  indicates  that  an  increased  pump  path  length  can  in¬ 
crease  the  energy  removed  from  the  sample.  Figure  8 
displays  data  from  a  cooling  experiment  in  which  the 
pump  beam  passes  multiple  times  through  sample  Tm  A. 
Raw  data  are  recorded  as  phase  change  in  the  Mach- 
Zehnder  interferometer,  and  the  corresponding  tempera¬ 
ture  change  is  obtained  through  the  calibration  discussed 
above.  At  a  time  f  — 10  min,  the  pump  (power  —3.5  W 
and  wavelength  1.9  /cm)  is  coupled  into  the  sample.  The 
sample  cools  19  K  below  room  temperature  within  25  min. 
The  particular  arrangement  of  the  interferometer  shown 
in  Fig.  4  leadsto  an  offset  in  phase  change  that  is  due  to 
the  slight  difference  in  path  length  of  the  two  beams 
through  the  second  curved  mirror  as  its  temperature  in¬ 
creases.  The  time  scale  of  this  offset  is  small  with  re¬ 
spect  to  the  time  to  reach  steady-state  temperature,  al¬ 
lowing  the  offset  to  be  subtracted.  The  slight  oscillations 
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Fig.  8.  Cooling  data  for  multiple  pump  passes  through  a  1-wt.  % 
Tm  .ZBLANP  sample.  Raw  data  are  recorded  as  phase  change 
in  the  Mach-Zehnder  interferometer.  Both  the  cold  sample  and 
the  hot  mirror  mounts  can  be  seen  in  the  inset,  which  is  a  ther¬ 
mal  image  taken  from  above  the  experiment.  Bright  areas  cor¬ 
respond  to  cooling,  dark  areas  correspond  to  heating.  RT,  room 
temperature. 


in  the  phase  change  data  that  can  be  seen  in  Fig.  8  are 
also  traced  to  this  offset.  Both  the  cold  sample  and  the 
hot  mirror  mounts  can  be  seen  in  the  inset,  which  is  a 
thermal  image  taken  from  directly  above  the  experiment. 
Here  the  bright  regions  correspond  to  temperatures  cooler 
than  room  temperature,  and  the  dark  regions  correspond 
to  those  warmer  than  room  temperature. 

A  cryogenic  cooler  based  on  anti-Stokes  fluorescence  re¬ 
quires  careful  attention  to  certain  practical  consider¬ 
ations,  including  the  temperature  dependence  of  cooling 
efficiency.7,8,41’42  This  factor  is  an  important  natural  oc¬ 
currence:  For  a  given  pump  wavelength  in  the  long- 
wavelength  region  of  the  absorption  spectrum,  absorption 
decreases  with  decreasing  temperature  because  of  the  de¬ 
crease  in  population  of  the  high-lying  states  in  the 
ground-state  manifold  according  to  the  Maxwell- 
Boltzmann  distribution.  Maximizing  the  absorbed  power 
seen  in  the  first  two  factors  of  Eq.  (5)  is  also  an  important 
consideration.  This  is  readily  addressed  through 
multiple-pass  schemes.  Heeg  et  al.  have  studied  the  pos¬ 
sibility  of  cooling  a  sample  placed  inside  a  laser  resonator 
operating  at  the  appropriate  wavelength.43  Here  we 
qualitatively  consider  placing  the  sample  in  a  nonreso¬ 
nant  cavity  as  described  in  the  experiment  above. 

For  multiple  pump  passes,  the  following  term  multi¬ 
plies  Eq.  (5): 

M  =  (1  -  SN)/(  1  -  S).  (14) 

In  Eq.  (14),  N  is  the  number  of  passes,  S 
—  R  exp(  -  alnUllL ) ,  utotal  is  the  effective  absorption  of  the 
pump  beam,  and  R  is  the  reflectance  of  the  confining  mir¬ 
rors  at  each  pass.  Total  absorption  includes  resonant  ab¬ 
sorption  [ur(\)]  and  effective  absorption  due  to  scattering 
(ns),  which  accounts  for  the  Fresnel  reflections  from 
sample  facets,  for  example.  Also  included  in  total  ab¬ 
sorption  is  a  generalized  background  absorption  that  con¬ 
tributes  to  heating.  In  Eqs.  (5)  and  (7),  ab  is  replaced 
with  the  generalized  background  absorption  ab ' ,  which 


includes  both  the  material’s  fixed  background  absorption 
( — 10  4  cm-1  for  the  experiments  above)  and  any  other 
nearly  wavelength-independent  heat-generating  absorp¬ 
tion.  This  absorption  becomes  important  in  samples 
with  mirrors  deposited  directly  on  two  opposite  surfaces. 
In  this  case,  scattering  losses  are  low  and  a  large  number 
of  passes  (A0  can  be  achieved.  However,  absorption  in 
the  mirrors  can  be  included  in  the  generalized  back¬ 
ground  absorption  {ab')  now  present  in  Eqs.  (5)  and  (7). 
This  can  weaken  net  cooling  or  even  lead  to  heating.  In 
other  words,  the  factor  M  in  Eq.  (14)  is  effectively  maxi¬ 
mized  when  mirrors  are  deposited  directly  on  the  sample, 
but  the  potentially  large  ab  in  Eq.  (7)  can  be  detrimental. 
This  is  avoided  in  the  case  of  mirrors  external  to  the 
sample.  Here  the  effective  background  absorption  is  due 
to  the  material  alone.  In  this  case,  however,  M  is 
no  longer  optimized  because  of  finite  scattering  losses 
(e.g.,  Fresnel  reflections)  and  the  difficulty  of  maximizing 
N. 

We  have  attempted  cooling  in  both  of  the  above  cases. 
Highly  reflecting  dielectric  mirrors  are  deposited  directly 
on  opposite  sides  of  a  cylindrical  l-wt.%  Tm3+:  ZBLANP 
sample  with  a  radius  of  ~3  mm,  and  a  small  entrance  ap¬ 
erture  for  the  pump  beam  is  made  in  one  of  the  mirrors. 
After  coupling  the  pump  into  the  sample,  we  observe 
heating.  Because  heating  magnitude  varies  with  pump 
wavelength,  the  character  of  the  data  shows  evidence  of 
water  absorption  in  the  mirrors.  The  experiment  with 
external  mirrors  [see  Fig.  (8)]  shows  multiple-pump-pass 
cooling.  In  this  case  we  eliminate  heating  of  the  sample 
by  the  mirrors,  but  may  still  optimize  the  parameters  in 
Eq.  (14)  by  using  a  sample  cut  at  Brewster’s  angle,  for  ex¬ 
ample. 


6.  SUMMARY 

We  have  outlined  a  simple  derivation  of  the  cooling  power 
possible  with  anti-Stokes  fluorescence.  Included  in  this 
are  considerations  for  nonunity  external  quantum  effi¬ 
ciency  (related  to  both  lifetime  and  extraction  issues)  and 
parasitic  heating  mechanisms.  Approximate  expressions 
for  temperature  change  enable  analysis  of  single-pass 
data  for  two  samples.  Careful  analysis  of  cooling  effi¬ 
ciency  gives  insight  into  material  properties.  Thulium- 
doped  glass  has  shown  almost  a  factor  of  2  increase  in 
cooling  efficiency  compared  with  ytterbium-based  coolers. 
A  temperature  change  of  — 19  K  from  room  temperature  is 
achieved  in  a  multiple-pass  geometry,  representing  an  or¬ 
der  of  magnitude  improvement  in  the  cooling  of  thulium- 
doped  solids  with  respect  to  previously  reported  values. 
A  completely  general  model  for  multiple-pass  optical  re¬ 
frigeration  schemes  is  developed. 
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